The level of the vitamin B 12 transport protein BtuB in the outer membrane of Escherichia coli is strongly reduced by growth in the presence of cobalamins. Previous analyses of regulatory mutants and of btuB-lacZ fusions indicated that the primary site of btuB gene regulation was at the translational level, and this required sequences throughout the 240-nucleotide (nt) leader region. Cobalamin-dependent regulation of transcriptional fusions was of a lesser magnitude but required, in addition to the leader, sequences within the first 100 nt of the coding sequence, termed the translated regulatory region (TRR). To analyze the process of transcription-level regulation of btuB in E. coli, the levels and metabolism of btuB RNA were analyzed by S1 nuclease protection assays, and mutations that alter the coupling of translational and transcriptional control were analyzed. Expression of transcriptional fusions was found to correlate with changes in the level of intact btuB RNA and was related to changes in the metabolic stability of the normally long-lived RNA. Mutational analysis showed that the btuB start codon and a hairpin structure that can sequester the Shine-Dalgarno sequence are necessary for cobalamin-dependent regulation and that translation of the TRR is necessary for extended RNA stability and for expression of the transcriptional fusion. The absence of regulation at the stage of transcription initiation was confirmed by the findings that several truncated btuB RNA fragments were expressed in a constitutive manner and that the normal regulatory response occurred even when the btuB promoter and upstream sequences were replaced by the heterologous bla and lac promoters. Transcription driven by phage T7 RNA polymerase was not regulated by cobalamins, although some regulation at the translational level was retained. Cobalamin-dependent changes in RNA structure were suggested from the RNase III-dependent production of a transcript fragment that is made only in the presence of cobalamin and is independent of the regulatory outcome. These results indicate that the primary control of btuB expression by cobalamin occurs at the level of translation initiation, which directly affects the level and stability of btuB RNA in a process that requires the presence of the intact translated regulatory region.
Expression of the btuB genes of Escherichia coli and Salmonella enterica serovar Typhimurium, encoding the outer membrane cobalamin (Cbl) transporter BtuB, and of the cob operon of S. typhimurium, encoding the biosynthetic pathway for Cbls, is markedly depressed during growth in the presence of Cbls, such as vitamin B 12 (CN-Cbl) (6, 9, 25) . The properties of this Cbl-dependent regulatory system deduced from the expression of btuB-lacZ fusions suggest the operation of a novel mode of gene regulation. The regulatory system responds to the intracellular level of 5Ј-deoxyadenosyl-Cbl (Ado-Cbl), which is formed from CN-Cbl by the action of the btuR or cobA gene product (13, 20) . Unlike control systems that depend on repressor action, Cbl-mediated regulation is independent of gene copy number and affects expression of btuB-lacZ fusions at both the transcriptional and translational levels. The modulation of translational fusions by Cbl is at least 25-fold, while that of transcriptional fusions is modest: about 5-fold in E. coli (14) and even less in Salmonella typhimurium (17) . The transcripts of the btuB gene or the cbiA gene, which is the first gene of the large cob operon, contain a 241-or 468-nucleotide (nt) leader before the start of the respective coding region. Regulatory mutations selected for increased expression under repressive conditions occur at numerous sites throughout these leader regions (14, 18, 19) . No candidate regulatory proteins have been identified, since all unlinked mutations yet obtained that confer altered regulation affect either entry of CN-Cbl into the cell or its conversion to Ado-Cbl (6a, 20) .
Analysis of transcriptional and translational fusions carrying various portions of the respective regulatory regions has suggested the involvement of separate elements in different stages of Cbl-dependent control. The primary site of regulation appears to be at translation initiation and requires the integrity of most or all of the leader region. Cbl-dependent control of transcriptional lac fusions requires the integrity of both the leader region and the initial part of the btuB coding region out to around residue ϩ350 (7, 14, 17) . This translated regulatory region (TRR), between nt 241 and 350, includes a putative Rho-independent terminator, a GϩC-rich stem and loop followed by a series of U residues, whose integrity is essential for transcriptional control (7) . Unlike most attenuators, candidate terminators for btuB and cbiA lie past the site of translation initiation, in the early portion of the protein-coding sequences (11) . Control of translational fusions occurs in the absence of the translated btuB sequences and appears to be moderated by formation of an RNA hairpin that includes or is near the Shine-Dalgarno sequence (17, 19) . Expression of btuB requires the presence of the B12 box, a 17-nt element that is conserved in the leaders of the btuB and cbiA genes (18) . Precise deletion of the B12 box sequences resulted in a very low and unregulated level of btuB expression (7) .
Although the extent of regulation by Cbl of btuB-lacZ transcriptional fusions in S. typhimurium is slight (17), an appreciable level of control of btuB in E. coli and of cob in S. typhimurium occurs (14, 18) . This control depends on the presence of each respective TRR, which has been suggested to function as an attenuator, although no evidence for this proposal was obtained. To investigate the complex regulation seen with gene fusions, we analyzed the changes in btuB RNA levels detected by S1 nuclease protection assays under a variety of conditions that affect the frequency of btuB translation or transcription initiation or RNA stability. Prompted by the finding that alteration of translation dramatically affected expression of transcriptional fusions and RNA levels and stability, we concluded that the TRR is specifically responsible for changes in btuB RNA levels, rather than that this apparent regulation is a nonspecific reflection of the lability of untranslated RNA. We propose that the negative action of the TRR is prevented by the passage of ribosomes through it, which is modulated by the primary site of regulation at the stage of ribosome binding.
The btuB regulatory region, with the location of the DNA hybridization probes and the sites of reporter fusions used in this study, is schematically shown in Fig. 1 .
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains, plasmids, and oligonucleotide primers used in this study are listed in Tables 1 and 2 . In most experiments, the host strain was RK5173, a metE derivative of MC4100. Strain JM109 was used as the host of plasmids pXN26 and pXN27, which were very unstable in RK5173. For plasmids carrying btuB-lacZ fusions transcribed from the T7 late promoter, the host strain was RK3515, a btuB ϩ transductant of BL21(DE3), in which production of T7 RNA polymerase is induced by addition of isopropyl-␤-D-thiogalactopyranoside (IPTG). Cells were routinely grown in Luria-Bertani medium. Ampicillin (100 g/ml) was added to maintain selection for plasmids. When indicated, Ado-Cbl was added to a concentration of 1 M to establish repressive conditions. Unless indicated, cells were grown at 37°C with vigorous aeration.
All plasmids used in this study are derived from pRS414 or pRS415, which allow formation of translation or transcription fusions to lacZ, respectively (22) . Inserts were introduced as EcoRI-BamHI fragments. The insert's EcoRI site occurs at Ϫ60 in the wild-type btuB sequence, and the BamHI sites were introduced as linker insertions or substitutions, as previously described (7) . The BamHI site at each fusion junction occurs in the same translational reading frame. In the translational fusions, the btuB coding sequences are coupled to the 9th codon of lacZ (22) . In the transcriptional fusions, the lacZ gene is separated from the btuB junction by about 100 bp of trp-lac DNA and possesses its own ribosome-binding site. Construction of the plasmids carrying btuB-lacZ fusions was performed as described previously (7) .
Construction of btuB mutants and fusions. All nucleotide coordinates are numbered relative to the btuB transcription start site. Plasmid DNAs were purified and introduced into host cells by standard protocols (21) . All restriction endonucleases, DNA polymerases, and DNA ligase were used according to the recommendations of the manufacturer.
Mutations were introduced into the btuB leader region by a one-step or two-step PCR process. The first step used mutagenic oligonucleotides (XNO-26, XNO-27, or XNO-47) and oligonucleotide XNO-4, which anneals downstream FIG. 1. Schematic representation of btuB regulatory region. The DNA regions carried in the plasmids used in this study are shown under the coordinate numbers relative to the start of transcription. The locations of the BamHI sites used as junctions of fusion to lacZ in the three fusions are indicated. The locations of the B12 box, conserved in Cbl-dependent promoters, the potential stem-loop structures in the transcript that comprise the Shine-Dalgarno sequence and its complement, and the attenuator are marked. The vertical arrows indicate the locations of the 3Ј termini of the partial-length transcript fragments. On the bottom are indicated the extent of the three probes used in this study, aligned with the 5Ј end on the right; the position of the label is indicated by the symbols. pRS414 with blaP, ϩ1 to ϩ450 of btuB-lacZ; Ap This study of the BamHI site in plasmid pRS415, as primers and plasmid pEB450X DNA as a template. This product was purified by gel electrophoresis and used as an adapter in the second PCR step. In this step, oligonucleotide XNO-15, which anneals to plasmid pAG1 DNA at vector sequences upstream of the EcoRI site, and oligonucleotide XNO-4 were used as primers, and plasmid pAG1 was used as a template, in the presence of the product of the first PCR. Thus, the product of the first PCR step, which contains the desired mutation, was further extended and amplified, resulting in a DNA fragment containing EcoRI and BamHI sites and the desired mutation. The EcoRI-BamHI fragment was generated, purified, and ligated into the corresponding sites of pRS414 and pRS415, and the presence of the expected mutation was verified by sequencing. Mutants M43, M44, M45, and M57 were constructed by one-step PCR mutagenesis and cloned into pEB450 plasmids as EcoRI-HindIII or HindIII-BamHI fragments. The two-step PCR scheme was also used to construct btuB-lacZ fusions under control of heterologous promoters. Oligonucleotides XNO-51 for lac and XNO-52 for bla are composed of the 14 nt upstream of the site of transcription initiation of the appropriate promoter followed by the first 14 nt of btuB transcribed sequences. These primers were used with oligonucleotide XNO-4 as the primer and plasmid pEB450X DNA as the template in the first-step PCR. In the second step, oligonucleotides XNO-49 for lac and XNO-50 for bla, which anneal upstream of the appropriate promoter region and contain an EcoRI site, were used along with oligonucleotide XNO-4 as primers and pGEM-3Z DNA (Promega) as a template, in the presence of the first PCR product as an adapter. The resulting EcoRI-BamHI fragment was subcloned as described above. To construct the btuB-lacZ fusions under control of the T7 promoter, oligonucleotide T7-btu, which contains an EcoRI site and 16 nt of the T7 consensus sequence fused to the first 22 nt of btuB-transcribed sequences, was used in PCR with XNO-4 as the primer and pEB450X DNA as the template, and the resulting EcoRI-BamHI fragment was subcloned as described above.
RNA extraction and S1 nuclease protection analysis. Total cell RNA was prepared by the hot phenol extraction method described by Emory and Belasco (5), as modified. About 10 9 logarithmic-phase cells were collected by centrifugation for 20 s at 4°C, and the cell pellet was immediately frozen until all samples for the experiment were collected. The cells were suspended in 450 l of lysis buffer (150 mM sucrose, 10 mM sodium acetate [pH 4.5]) on ice and mixed with 50 l of 10% sodium dodecyl sulfate (SDS). Samples were heated at 70°C for 3 min and then extracted three times with phenol at 70°C. Nucleic acids were precipitated by addition of 1/10 volume of sodium acetate and 2 volumes of ethanol. The sample was air dried and suspended in 100 l of DNase buffer (20 mM sodium acetate [pH 4.5], 20 mM NaCl, 10 mM MgCl 2 ) and treated with 1 to 2 U of DNase I for 30 min at 25°C. This digestion was followed by phenol extraction and ethanol precipitation, and the product was suspended in 15 l of water and stored at Ϫ20°C.
Probe A was synthesized by PCR with primers XNO-15 and XNO-16 and with plasmid pAG1 DNA as the template. This product extends from plasmid vector sequences upstream of the site of insertion of the btuB-lacZ fusion to position ϩ470 of the wild-type btuB sequence. Probe A was internally labeled by asymmetric PCR with primer XNO-16, in a labeling reaction mixture containing 3 M [␣-32 P]dCTP, 25 M unlabeled dCTP, and 125 M other deoxynucleoside triphosphates (dNTPs). Probe B is a restriction fragment generated by digestion of plasmid pXN5 with EagI and PvuII. In plasmid pXN5, an EagI restriction site (CЈGGCCG) replaced the sequence at the start of btuB transcription (TTGC CG) by PCR mutagenesis. A fill-in reaction catalyzed by the Klenow fragment of DNA polymerase I with [␣-32 P]dCTP and dGTP resulted in labeling of the 3Ј end of the DNA strand complementary to btuB RNA, and the position of the labeled nucleotide hybridized to the transcript position at ϩ1. Probe C was synthesized by PCR with primers XNO-15 and 5Ј-labeled XNO-2 with plasmid pAG1 DNA as template. This product extends from upstream vector sequences to position ϩ269. The PCR primers were labeled at their 5Ј ends with [␥-32 P]ATP and polynucleotide kinase. The bla-specific fragment was synthesized and labeled by PCR with XNO-14 and 5Ј-labeled XNO-9 as primers and plasmid pAG1 DNA as a template.
For the S1 nuclease protection assay, modified from that described by Emory and Belasco (5), 1 l of extracted RNA was mixed with 16 l of formamide and 2 l of hybridization buffer (400 mM PIPES [pH 6.4], 400 mM NaCl, 10 mM EDTA) along with the indicated 32 P-labeled DNA probes in a volume of 1 l. This mixture was heated to 80°C for 4 min and then held at 50°C for 4 to 16 h. To the sample was added 300 l of S1 buffer (280 mM NaCl, 50 mM sodium acetate [pH 4.5], 4.5 mM ZnSO 4 ) containing 5 g of denatured herring sperm DNA and 40 U of S1 nuclease. Following incubation for 90 min at 37°C, the reaction was stopped by addition of 80 l of stop buffer (4 M ammonium acetate, 20 mM EDTA), and the DNA was precipitated with 5 g of yeast tRNA and 1 ml of ethanol. The precipitate was suspended in sequencing gel loading buffer, resolved on a 6% polyacrylamide sequencing gel, and analyzed with a Molecular Dynamics PhosphorImager.
␤-Galactosidase assays. For assays of ␤-galactosidase expression, cells were grown in minimal salts medium A with 0.5% glycerol and 0.5% casein hydrolysate. The level of ␤-galactosidase was determined as previously described (7), by measuring the rate of hydrolysis of 2 mM o-nitrophenyl-␤-D-galactopyranoside in cells permeabilized with SDS-CHCl 3 . All assays were performed in triplicate, and most were repeated.
RESULTS
Hairpin structure at the ribosome-binding site affects regulation. Previous work concluded that translational control requires the presence of sequences up to the start of translation, whereas transcriptional control requires, in addition, 60 to 100 nt of the TRR. We examined the involvement in btuB expression of a potential hairpin structure formed by the Shine-Dalgarno sequence and a complementary sequence 12 bp upstream (Fig. 2 ). Mutations were introduced that alter each stem of this hairpin. In mutant M26, the complementary sequence was changed from GCATCC to CGATCC (an additional G-to-T substitution at ϩ208 created an NruI site to facilitate mutant identification). Mutant M27 changed the ShineDalgarno sequence GGATGCT to GGATCGA, which has little effect on the match to the consensus. The double mutant M26/ 27 combined both sets of changes and restored the capacity for pairing of the Shine-Dalgarno sequence and its upstream complement. The effect of these changes was measured in EB450 transcriptional and translational btuB-lacZ fusions carrying the btuB promoter followed by 450 nt of transcribed sequences before fusion to the lacZ reporters ( Fig. 1) .
Translational fusions expressing the M26 or M27 substitutions showed a slight increase in expression but almost complete loss of Cbl-dependent regulation (Fig. 2) . The 1.4-to 1.7-fold increase in expression may reflect increased access of the ribosome-binding site because of its decreased sequestration by the upstream complement. The combination of both substitutions in the compensatory M26/27 mutant resulted in restoration of the wild-type degree of regulation, indicating that the pairing of these two sequences must occur as part of the process of translational control, as had been previously proposed from similar studies with the S. typhimurium btuB and cbiA genes (17, 19) . Strikingly, the M26 and M27 substitutions resulted in almost complete loss of Cbl-dependent regulation of the transcriptional fusion, although they had no effect on the level of expression (Fig. 2) . The compensatory M26/27 combination restored wild-type regulation. Using the S1 nuclease protection assay described below, it was seen that the relative levels of btuB RNA paralleled the changes in reporter activity. Thus, the ability to form the hairpin that includes the ribosome- binding site is crucial for both translational and transcriptional regulation. This apparent coordination of translational and transcriptional activity could reflect the participation of this hairpin in formation of an RNA conformation that leads to RNA attenuation or cleavage, to the increased lability of untranslated RNA, or to a specific effect of translation on the activity of the TRR. The extent of translated sequences affects transcription. To test whether btuB translation affects transcription, the AUG start codon was converted to UCG in the M43 substitution, and assayed for effect on expression in EB450 transcriptional and translational fusions. As expected, this substitution resulted in complete loss of expression of the translational fusion. Surprisingly, there was a drastic reduction in expression of the transcriptional fusion to about 2% of the wild-type level (Fig.  3) . The amount of full-length btuB RNA was also greatly reduced but was decreased further by Ado-Cbl (data not shown).
To test whether the decrease in transcription required the presence of the TRR, the M43 mutation was placed in the context of the EB270 transcriptional fusion. This fusion contains the btuB promoter and transcribed region to ϩ270. It is deleted for most of the TRR and exhibits high-level constitutive expression, but almost fully repressible behavior as a translational fusion (repression ratio of 13) (7). Expression from this EB270-M43 fusion was comparable to that of the wild-type EB270 fusion and was increased by the presence of Ado-Cbl (1,700 U without Ado-Cbl and 2,900 U with Ado-Cbl). These results showed that the decreased transcription activity that occurred in the EB450 fusion upon blockage of translation depends on the integrity of the translated regulatory region, suggesting that translation of the TRR might overcome its negative effect on transcription.
The ability of translating or stalled ribosomes to affect attenuator function (reviewed in reference 11) or endonucleolytic digestion of RNA (3, 16) is well known. To test whether the extent of translation or the presence of specific polypeptide sequences in the translated product affected transcriptional activity, several translation termination mutations were introduced early in the btuB coding sequence and analyzed in EB450 transcriptional and translational fusions (Fig. 3) . The potential attenuator element in the btuB TRR extends from codon 7 to codon 17 (i.e., nt ϩ260 to ϩ290). Mutation M44 introduced a chain-terminating UAG sequence at codon 6. It eliminated expression of the translational fusion and strongly reduced both expression and regulation of the transcriptional fusion. Thus, ribosome attachment and initiation of translation are not sufficient to alleviate the inhibition of transcription.
Mutation M45 introduced a ϩ1 frameshift at codon 3, resulting in a change in the distal reading frame until termination occurs at codon 33. This mutant showed reduced transcriptional activity, but a substantial degree of Cbl-mediated regulation (repression ratio of around 3) (Fig. 3) . Mutation M47 introduced a Ϫ1 frameshift at codon 30, resulting in a change in the amino acid sequence until termination occurs at codon 49. This mutant showed almost wild-type levels of transcriptional expression and regulation, even though the translational fusion was negative. Thus, loss of ribosome movement past codon 49 of btuB does not affect transcriptional activity. The M45/47 combination allows translation of the entire btuB gene, although the amino acid sequence from codon 3 to codon 30 is changed by the frameshift. This combination gave wild-type levels of expression and regulation of the transcriptional fusion and nearly wild-type expression of the translational fusion, showing that the sequence of the translated product is not a factor in determining the level and regulation of transcription. Similar results were obtained with a Ϫ1 frameshift at codon 7, which terminates translation at codon 8. Its low and unregulated transcriptional expression was fully restored by combination with M45 (ϩ1 shift at codon 3). These results show that transcriptional activity is controlled by translation through the TRR between positions 240 and 330, rather than through formation of transcript secondary structures or the general lability of untranslated RNA.
Differential regulation of btuB RNA fragments. The transcripts produced from Cbl-regulated genes have not been previously described. S1 nuclease protection was used to detect changes in btuB RNA levels, length, or stability. Three hybridization probes were used to identify the origin of RNA transcribed from three btuB-lacZ fusions, designated EB450, EB315, and EB270 (Fig. 1) . These fusions contain the btuB promoter region and 450, 315, or 270 nt, respectively, of btuBtranscribed sequence joined at an introduced BamHI site as a transcriptional fusion to trp-lacZYA in the plasmid vector pRS415 (7). These inserts exhibit comparable degrees of Cbldependent regulation when present as translational fusions, with repression ratios of 19, 21, and 13, respectively. In transcriptional fusions, they exhibit repressible, partially repressible, or constitutive behavior, respectively, attributed to the progressive deletion of portions of the TRR in the two shorter inserts. Examination of these nested fusions with different regulatory behaviors allowed the simplest test of whether changes in the patterns of transcripts are associated with regulation. Expression from plasmid-borne btuB-lacZ fusions was used to increase the amount of btuB RNA. Elevated gene copy number does not appear to affect btuB regulation by Cbls (1, 25) . The transcript of the chromosomal btuB allele was detectable and showed changes similar to those of the plasmid-borne EB450 fusion. RNA was extracted from cells grown in the absence and presence of 1 M Ado-Cbl, hybridized to one of the three btuB probes and a bla DNA probe, subjected to S1 nuclease digestion, resolved by electrophoresis, and detected by autoradiography or phosphorimaging. The bla transcript served as a control for RNA loading.
Hybridization to probe A, extending from upstream vector sequences to ϩ470 of btuB sequence and internally labeled by asymmetric PCR synthesis, allowed detection of all btuB-derived RNA species. Cells carrying the vector plasmid, pRS415, yielded the 470-nt product derived from the chromosomal btuB allele; its levels were strongly depressed by growth with AdoCbl (Fig. 4, lanes 1 and 2) . Each of the btuB-lacZ fusion templates gave rise to multiple RNA species with different regulatory responses (lanes 3 to 8). The major transcripts were the expected full-length species of 450, 315, and 270 nt, respectively. The amount of the 450-nt species expressed from EB450 was strongly reduced during growth with Ado-Cbl, whereas the 315-nt species from EB315 was less strongly decreased, and the 270-nt species from EB270 showed only a slight change. Quantification of band intensities showed that the repression ratios for the full-length species (amount in absence of Ado-Cbl/ amount in presence of Ado-Cbl; normalized to the amount of the 185-nt bla transcript fragment) from EB450, EB315, and EB270 were 4.6, 1.7, and 1.3, respectively. These values agreed with the repression ratios for ␤-galactosidase expressed from these transcriptional fusions: 4.9, 2.0, and 1.1, respectively (7). This correspondence indicates that the expression from btuBlacZ transcriptional fusions is a valid measure of btuB RNA levels.
The other major btuB RNA species were a group of fragments ca. 165 nt long. High-resolution electrophoresis of these fragments next to a sequencing ladder showed that these fragments were 162 to 167 nt in length (data not shown). The amount of these fragments did not change significantly under repressive conditions, indicating that the btuB promoter is expressed in a constitutive manner. Several RNA species were present in smaller amounts. Products migrating between 280 and 300 nt and at 215 nt were constitutively produced. Fragments of 240 to 250 nt were depressed by Ado-Cbl, and a 210-nt product was present only in repressed cells. The formation of the 210-nt fragment in the presence of Ado-Cbl occurred with all three btuB-lacZ fusions, indicating that its production is not directly correlated with transcriptional activity. Products smaller than 150 nt were not detected.
The origin of the sequences represented by these fragments was determined by hybridization to two other probes (Fig. 1) . Probe B was labeled on its 3Ј end at the residue complementary to ϩ1 of the btuB transcript, and thus its label is protected only by btuB transcripts that contain the authentic 5Ј end. All RNA species detected by probe B were identical to those detected with the internally labeled probe A (data not shown). Probe C was labeled on its 5Ј end at the position complementary to nt ϩ269 and can detect btuB RNA species that extend beyond ϩ269, including any that might be generated by endonucleolytic cleavage. The only significant protected btuB species was the 269-nt fragment representing the full-length product of the three templates (data not shown). These results showed that all of the RNA fragments detected with probe A are sense-strand btuB products and start at nucleotide ϩ1. The truncated fragments could result from transcription termination or endonucleolytic cleavage, but if formed by nuclease action, the distal fragment must be much more labile than the promoter-proximal fragment. Kinetics of repression of btuB RNA levels. The S1 nuclease protection assay was used to determine the rate of change in the levels of the btuB transcripts following addition of 1 M Ado-Cbl. The ratio of the full-length btuB transcript to the bla transcript was calculated by ImageQuant analysis (Fig. 5) . The level of intact btuB RNA from the repressible EB450 fusion began to decline within minutes to a steady-state level of 22% of the derepressed level. The lag probably reflects the time for accumulation of Ado-Cbl to effective levels in the cell. The 470-nt RNA from the chromosomal allele also showed a similar decline. It took about 20 min before the new steady-state level of btuB RNA was achieved, which was longer than expected if this RNA had a lifetime typical of mRNA in E. coli.
The full-length btuB RNA level in the partially repressible EB315 strain fell to 60% of the initial level with kinetics similar to those in the EB450 strain. The RNA level in the poorly repressed EB270 strain fell slightly, to 80% of the initial level. In all three strains, the levels of the unregulated 290-and 165-nt species were not substantially affected, and the 210-nt species increased under repressive conditions, but only after a lag of 5 to 10 min, i.e., with slower kinetics than the repression of the full-length species.
Decreased stability of btuB RNA during repression. The metabolic stability of btuB RNA was estimated from the rate of its decay following the addition of rifampin to cells growing in the absence (Fig. 6A) or upon simultaneous addition of AdoCbl (Fig. 6B) . The amounts of the btuB RNA species were determined by S1 nuclease protection assays and quantified with the ImageQuant program (Fig. 6C) . The full-length btuB RNA expressed from all three btuB-lacZ fusions in the absence of Ado-Cbl was long-lived, with half-lives (t 1/2 s) in the range of 9.4 to 13.4 min. All of the partial-length btuB transcripts were also long-lived, suggesting that their stability is determined within the first 160 nt. The bla RNA exhibited the short t 1/2 of 2 to 4 min, typical of most bacterial mRNAs (8) .
In the presence of Ado-Cbl, the stability of the full-length products of EB450 and EB315 and of the chromosome-encoded btuB transcript was markedly reduced, with t 1/2 s in the range of 2 to 4 min ( Fig. 6B and C) . The t 1/2 for the EB270 transcript decreased slightly to around 8.3 min. The stability of the constitutively expressed 165-nt fragments was not appreciably affected by Ado-Cbl. Thus, the decreased amount of intact btuB RNA under repressive conditions is associated with its decreased stability. This is a seemingly paradoxical situation, since addition of Ado-Cbl results in increased RNA lability in the presence of rifampin but a slow decrease in RNA levels when transcription occurs. This behavior can be explained by the constitutive synthesis of a long-lived RNA whose level and stability is affected by Cbl only after it has reached a length beyond nt 300.
Effect of RNases on regulation and stability of btuB RNA. The formation of the several truncated species of btuB RNA and the increase in its lability in the presence of Ado-Cbl could result from transcription attenuation or endonucleolytic cleavage. The effect of mutations that block expression of various RNases involved in RNA processing on the distribution and regulation of the transcripts from the EB450 fusion was analyzed by S1 nuclease protection assay. Two rnc mutants defective in RNase III activity displayed a marked decrease in the 165-nt fragments and an increase in the Cbl-induced 210-nt fragment (Fig. 7) , but they had no significant effect on the regulation of the full-length transcript or on lacZ expression. These results suggest that an RNA secondary structure is formed that is cleaved by RNase III at position 165 immediately downstream of the B12 box. Since RNase E is essential for viability, its involvement was tested following thermal inactivation of alleles that confer a temperature-sensitive growth phenotype. We found there was no substantial effect on the distribution of the RNA species or on the regulation of fulllength RNA levels or lacZ expression as a result of individual inactivation of RNase E, II, D, PH, BN, or D or of polynucleotide phosphorylase (data not shown). Many of these RNases have redundant activities, and defects in processing are observed only when most of them have been inactivated (10, 12) .
The hfq gene encodes an RNA-binding protein, host factor-1, that can disrupt RNA secondary structure and allow increased translation or replication of rpoS mRNA or phage Q␤ RNA, respectively (15, 24) . An hfq null mutant carrying the EB450 fusion displayed normal regulation of ␤-galactosidase levels and of full-length btuB RNA (Fig. 7) , indicating that Hfq function is not needed for transcription elongation or BtuB regulation. However, the amount of the Cbl-induced 210-nt fragment was strongly reduced, indicating a possible role for changes in RNA secondary structure in the generation of this fragment.
Regulation of transcription driven by heterologous promoters. To test whether promoter sequences and the nature of the transcription complex play any role in regulation, the btuB promoter in the EB450 transcriptional and translational fusions was replaced with the heterologous lac, bla, and phage T7 RNA polymerase-dependent 10 late promoters. The wildtype transcription start site was retained in all cases (data not shown). The levels of ␤-galactosidase differed in response to promoter strengths and the degree of induction with IPTG (Table 3) . Two different regulatory outcomes were seen. Expression of transcriptional and translational fusions driven by the lac and bla promoters was reduced by Ado-Cbl to a degree similar to that with the btuB promoter. S1 nuclease protection assays revealed no qualitative difference in the distributions or relative amounts of the btuB transcript fragments (data not shown). Thus, the promoter and upstream sequences play no detectable role in Cbl-dependent regulation.
Different behavior was seen when transcription was driven by T7 RNA polymerase, which is widely used for gene expression, because of its high rate of elongation, single-subunit composition, and diminished response to transcriptional pause and termination signals (4, 23) . Plasmids pXN17 and pXN18 contain the upstream region of the T7 10 promoter joined at the ϩ1 position to the EB450 transcriptional and translational FIG. 5 . Time course of decrease of btuB RNA levels following addition of Ado-Cbl. RNA was extracted from cells of strain RK5173 carrying the indicated fusion plasmids. Cells were grown in minimal medium A to mid-log phase. Ado-Cbl was added to 1 M, and samples were removed at the indicated times for the S1 protection assay by using internally labeled probe A. The amount of full-length btuB RNA, normalized to the intensity of the bla transcript, is plotted as a function of the time after addition of Ado-Cbl.
fusions, respectively. Although the T7 promoter extends into the transcribed region, T7 RNA polymerase started transcription at the same position as that used by the wild-type promoter. Expression of ␤-galactosidase in strain RK5173 was very low, indicating the dependence on T7 RNA polymerase (Table 3) . Expression in strain RK3513, a btuB ϩ transductant of the T7 RNA polymerase-producing strain, BL21(DE3), was increased more than 10-fold by induction of T7 RNA polymerase synthesis with 0.5 mM IPTG for 1.5 h. The transcriptional fusion was not appreciably affected by Ado-Cbl, with repression ratios of Ͻ1.3. Although the levels of the full-length transcript were not decreased following growth with Ado-Cbl, the 210-nt fragment was still induced (data not shown). Many of the other btuB fragments were still present following T7 polymerase-driven transcription, but those around 280 and 295 nt were absent. Cbl-dependent regulation of the translational fusion still occurred, but to a diminished degree, with repression ratios of Ͼ2.5. These results suggest that transcriptional regulation depends on the nature and properties of the transcription complex, such as its response to termination signals, rather than a feature of the RNA transcript, such as a secondary structure that is cleaved by an RNase. 
DISCUSSION
Previous studies using reporter fusions to the E. coli btuB gene (7, 14) and to the S. typhimurium btuB and cbiA genes (17-19) revealed a similar and unexpected pattern of dependence on the length of the transcribed sequences for Cbldependent regulation at both the transcriptional and translational levels. In all three Cbl-regulated genes, translational control appears to be the major site of control over gene expression. The results presented here agreed with studies of the other Cbl-regulated genes that the hairpin formed over or near the ribosome-binding site is a major component in translational control. This paper provides for the first time information relevant to the process of transcriptional control and changes in the transcript during Cbl-dependent regulation. Ravnum and Andersson (17) concluded that expression of btuB St was not subject to a substantial degree of transcriptional control, based on the behavior of lac fusions. However, the other Cbl-regulated genes exhibit an appreciable degree of apparent transcriptional control, and the results presented here indicate that this is a specific feature of btuB Ec expression. This conclusion is based on our demonstration of changes in btuB RNA levels. The fact that btuB-lacZ fusions of different lengths exhibit different regulatory behaviors allowed analysis of the role of the TRR and correlations of changes in the transcripts with changes in the regulatory behavior of the fusions.
There was concern that the apparent regulation of transcriptional fusions might be an artifactual consequence of readthrough into the lacZ gene from ribosomes that initiated translation in the btuB sequence. Several lines of evidence eliminated this concern. First, introduction of a translational stop at codon 49 completely blocked btuB translation, but had no effect on the level or regulation of the btuB-lacZ transcriptional fusion or of btuB RNA. Second, the changes in the level of full-length btuB RNA matched well the behavior of transcriptional fusions. Third, Cbl-dependent regulation is associated with changes in the stability of full-length btuB RNA. Finally, two different btuB-lacZ transcriptional fusions were constructed with an RNase III cleavage site upstream of the lacZ gene to dissect the translation of lacZ from that of btuB. The repression ratios in the two constructs were 4.9 and 6.0, which are very similar to those in the pRS415 fusion vector. Thus, the possibility that transcriptional regulation is a consequence of translational readthrough from btuB sequences is untenable.
Cbl-dependent regulation of transcriptional fusions and of btuB RNA levels could reflect the general or nonspecific lability of untranslated RNA, such that when btuB translation is prevented, the distal sequences are subject to endonucleolytic degradation. We found that transcriptional control of btuB requires the integrity of the TRR. The EB270 fusion, which showed greatly reduced transcriptional regulation, still possesses 30 nt of btuB sequence before the fusion and 100 nt of trp-lac sequences before the start of the lacZ gene, which should provide a suitable target for RNA turnover. In addition, transcriptional fusions to sequences upstream of the start of translation show the same activity of ␤-galactosidase as fusions after the start of translation, suggesting that translation does not provide an inherent increase in stability (7) . However, it is difficult to eliminate the impact of the lability of untranslated RNA.
If the TRR confers a specific mechanism involved in btuB RNA turnover under repressive conditions, this region might function either as a transcriptional attenuator or as a site for endonuclease cleavage. The existence of an attenuator was suggested by Lundrigan et al. (14) and Ravnum and Andersson (17) , based on the presence of a potential GϩC-rich stem and loop followed by 4 U residues in the transcript. Deletions to position ϩ270 or further upstream, which affect this structure, completely eliminated transcriptional control (7). Further deletions between ϩ285 to ϩ303 resulted in reduced regulation, whereas deletions ending at ϩ345 of distal showed normal regulation. Transcript fragments ending at ϩ280 to ϩ300 should result from termination at the attenuator, but their amounts increased only modestly under repressive conditions, indicating either that attenuation is not operative or that the attenuated products are labile. Base changes in the putative attenuator element partially reduced transcriptional regulation (unpublished data). Thus, we can conclude that the putative attenuator sequence is important for transcriptional control, but downstream sequences out to between ϩ315 and ϩ345 are also involved to some degree. Note that deletions that result in complete loss of transcriptional control retain translation-level regulation (7). We found no evidence for the action of RNase E or III in regulation, although RNase III cleavage of the btuB transcript was observed. The involvement of a Cbl-regulated turnover mechanism in addition to attenuator action is indicated from the kinetics of RNA turnover. The full-length RNA is long-lived, but becomes labile in the presence of Ado-Cbl. This result cannot be explained by the operation of an attenuation event as the sole regulatory factor affecting btuB RNA, since the lability is imposed upon completed RNA molecules or even nascent transcripts past the site of attenuation. There is no control process operative at the level of transcription initiation. Normal regulation was seen when transcription was driven by heterologous sigma 70-dependent promoters, as long as the proper start site was retained. In addition, some btuB transcripts are expressed in a constitutive manner, notably the 165-nt fragments. Dissociation of transcriptional and translational regulation occurred with T7 RNA polymerase, which is less responsive to transcriptional pausing and termination signals than is E. coli RNA polymerase (4). This result suggests that transcriptional regulation depends on an activity of the transcription complex, such as polymerase pausing or termination, rather than on the formation of an RNA structure whose cleavage by an RNase triggers RNA degradation. The retention of translational regulation indicates that this level of control is independent of the properties of the transcription complex and may be determined by RNA secondary structure, perhaps involving access to the ribosomebinding site.
Specific transcript fragments were produced, whose 3Ј ends occur at potentially relevant sites. The 165-nt fragments end at the downstream side of the B12 box and were greatly decreased in RNase III-deficient mutants. The 3Ј ends of the constitutively expressed 235-to 250-nt fragments occur just past the stem-loop structure formed by the Shine-Dalgarno hairpin, and the 3Ј end of the Cbl-induced 210-nt fragment occurs just before this hairpin. However, in no case was there an invariant correlation between the level of any fragment and the level of btuB expression. The intact transcript and most of its fragments were long-lived under nonrepressing conditions. The inability to observe fragments shorter than 165 nt suggests that the first 165 nt of the transcript, which includes the B12 box, are needed for the enhanced stability. As discussed above, the presence of the TRR sequences between ϩ270 and ϩ315 is needed for the decrease in RNA stability. This decrease in stability appears to be unaffected by the absence of RNase E or RNase III. Stabilizing elements, such as double-stranded structures at the 5Ј ends of RNA, have been documented (8) .
Thus, all of the results obtained here indicate that translating ribosomes prevent the decreases in btuB RNA levels and stability that are brought about by the presence of the TRR. This behavior appears to represent a novel and specific mechanism of gene regulation. Attenuators and RNase-cleavage sites that are affected by translation are well known (3, 11) , but there are few cases known in which regulated translation of a coding sequence is directly coupled to these determinants of RNA stability. Most attenuators act at a site before the regulated structural gene. The placement of the transcriptional regulatory region distal to the start of translation allows the translational regulatory process to simultaneously affect the transcriptional process.
The mechanism of Cbl-dependent translation regulation remains a subject worthy of further study. It is known from previous studies to require the integrity of most of the leader region, including the proper transcription start site (unpublished data and reference 7) and the potential for formation of the hairpin around the ribosome-binding site. However, no candidate regulatory proteins that might influence the structure of the RNA in a Cbl-dependent manner have surfaced yet. Changes in the conformation of the transcript can be deduced from the appearance of the Cbl-inducible 210-nt fragment. We are attempting to define changes in btuB RNA secondary structure in the presence of Ado-Cbl and to test for specific binding of Ado-Cbl to the RNA.
We conclude that the translated region is essential for transcriptional control and the Cbl-dependent decrease in RNA stability. The activity of this region is directly regulated by the Cbl-inhibited translation of the btuB gene, such that translation through this region must occur to prevent termination and RNA turnover. The presence of Ado-Cbl may cause changes in RNA secondary structures that affect accessibility of the ribosome-binding site. Questions under study address the precise role of the attenuator and distal sequences, the relationship of translation to attenuator action, and, most importantly, how Ado-Cbl is sensed and affects RNA structure or translation initiation.
